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Abstract
We present our results on the γ-ray emission from interaction-powered supernovae (SNe), a re-
cently discovered SN type that is suggested to be surrounded by a circumstellar medium (CSM)
with densities 107 − 1012 cm−3. Such high densities favor inelastic collisions between relativistic
protons accelerated in the SN blast wave and CSM protons and the production of γ-ray pho-
tons through neutral pion decays. Using a numerical code that includes synchrotron radiation,
adiabatic losses due to the expansion of the source, photon-photon interactions, proton-proton
collisions and proton-photon interactions, we calculate the multi-wavelength non-thermal photon
emission soon after the shock breakout and follow its temporal evolution until 100-1000 days.
Focusing on the γ-ray emission at > 100 MeV, we show that this could be detectable by the
Fermi-LAT telescope for nearby (. 10 Mpc) SNe with dense CSM (> 1011 cm−3).
1 Introduction
The interaction of the shock waves of young supernovae (SNe) with the circumstellar medium
(CSM) is the main driving power of the observed thermal and non-thermal emission that is detected
predominantly in radio and X-rays. The shocked CSM is heated to high temperatures (∼ 107 K),
while the shock-accelerated electrons (primaries) emit synchrotron radiation that typically peaks
in the radio bands. Together with electrons, protons of the CSM are also accelerated at the shock
to multi-TeV/PeV energies (for a review see Blasi (2013)). Inelastic proton-proton (pp ) collisions
between the accelerated and non-relativistic protons of the shocked CSM lead to the production
of pions (pi+, pi−, pi0), which further decay into lighter particles including e−e+ pairs (secondaries),
neutrinos and γ-rays. Due to the small cross section for pp collisions (σpp ' 3 × 10−26 cm2),
high CSM densities are required for a non-negligible contribution of secondary particles to the
observed emission. Such conditions may be realized whenever a shock plunges through a dense
stellar wind. As SNe occur in CSM with a wide range of densities, spreading over at least six
orders of magnitude, they provide a promising testing ground for cosmic-ray (CR) acceleration
theories through the detection of multi-messenger signatures produced by the secondary particles.
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2 γ-rays from SNe with dense CSM
Although the smoking gun for CR acceleration in interaction-powered SNe would be the
detection of high-energy neutrinos, a firm association of the IceCube events with one (or more)
astrophysical candidate classes of sources is still lacking (e.g. Aartsen et al., 2015a,b). Yet, the
radio synchrotron emission from secondary e− and the γ-ray emission from pi0 decays may be
observable under certain conditions. Our preliminary semi-analytic estimates of the former are
encouraging, as we have predicted observable features in the radio-mm spectra and light curves
(Petropoulou et al., 2016).
Here, we present the first results of a theoretical investigation of the γ-ray emission in the
energy band of Fermi -LAT. For this purpose, we have been developing an one-zone model for the
time-dependent calculation of the multi-wavelength (MW) non-thermal emission in SNe with dense
CSM, which makes testable predictions in the Fermi -LAT band. Ultimately, the model predictions
can be used to probe CR acceleration in young SNe with dense CSM and, in particular, to indirectly
estimate microphysical parameters, such as the (primary) electron-to-proton ratio Kep and the CR
acceleration efficiency p.
2 Theoretical framework
The interaction of the freely-expanding SN ejecta with the CSM (modelled as an extended shell of
matter) gives rise to two shock waves, i.e. a fast shock wave in the circumstellar material (forward
shock) and a reverse shock in the outer parts of the SN ejecta. As long as the interaction between
the SN ejecta and the CSM takes place within a region that is optically thick to Thomson scattering,
the SN shock will be radiation-mediated and particle acceleration will be suppressed (e.g. Murase
et al., 2011; Katz et al., 2011). For dense CSM environments the shock is expected to breakout in
the progenitor wind (Weaver, 1976); the previously radiation-mediated shock becomes collisionless
and particle acceleration can, in principle, take place.
We assume that a fraction of the incoming particles (both electrons and protons) at the
SN forward shock will be accelerated into a power-law distribution in energy (e.g. by the first
order Fermi process (e.g. Axford et al., 1977; Bell, 1978)). In addition, the accelerated protons
acquire a fraction p of the incoming shock kinetic energy, while the shock-accelerated electron-to-
proton ratio is Kep = 10
−2Kep,−2. The shock-accelerated protons are advected in the downstream
region of the shock where they can interact with the thermal (non-relativistic) protons of the
shocked CSM producing energetic pions. These, in return, decay into other secondary particles:
pi± → µ± + νµ(ν¯µ), µ± → e± + νe(ν¯e) + νµ(ν¯µ) and pi0 → 2γ.
For a CSM mass density scaling as ∝ R−2 (e.g. Chevalier, 1982), the number density of the
shocked CSM is written as n(R) ≈ 4ncsm(R) ' 2× 1012R−1in,14β−1−1.5(Rin/R)2 cm−3. Assuming that
a fraction B of the post-shock thermal energy density is magnetic, the strength of the magnetic
field is estimated by B(R) ' 46 1/2B,−4β1/2−1.5R−1/2in,14 (Rin/R)αB G. Here, we introduced the notation
Qx = Q/10
x in cgs units, Rin is the effective inner radius of the CSM, i.e., the shock breakout
radius, αB = 1 for a wind-like density profile and β = vsh/c where vsh is the forward shock velocity.
3 Numerical framework
We use the numerical code originally presented in Mastichiadis & Kirk (1995) which includes:
synchrotron emission, inverse Compton scattering (ICS) on background photons and on synchrotron
photons (i.e. synchrotron self-Compton), synchrotron self-absorption (SSA), photon-photon (γγ)
absorption and photohadronic (pγ) interactions. We expanded the original code by including two
physical processes, namely pp collisions and the adiabatic expansion of the source (for the relativistic
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equivalent, see Petropoulou & Mastichiadis, 2009). The inclusion of secondary particle production
by pp collisions was based on Kelner et al. (2006).
4 Results
In Fig. 1 we present snapshots of the MW non-thermal emission of a fiducial SN Type IIn located
at dL = 5 Mpc (left panel). The radio (10
3 GHz) and GeV γ-ray light curves are illustrated in the
right panel. The parameters used for this indicative example are summarized below:
Parameter Symbol Default value
Power-law index for the magnetic field profile αB 1
Magnetic energy density fraction B 10
−4
Accelerated proton energy fraction p 3× 10−3
Electron-to-proton ratio Ke,p 0.01
Proton injected luminosity (erg s−1) Lp 1041
Electron injected luminosity(erg s−1) Le 1039
Power-law slope of the shock-accelerated particles p 2
Maximum Lorentz factor γp,e,max 10
6
Minimum Lorentz factor γp,e,min 10
0.1
Breakout radius (cm) Rin 10
14
Shock velocity at breakout radius vs 0.03c
Electron temperature of unshocked CSM (K) Te 10
5
Figure 1: Left panel: Temporal evolution (for t ≤ 103.6d ' 11yr) of the MW non-thermal spectrum of
a fiducial SN Type IIn at dL = 5 Mpc. The radio emission is synchrotron self-absorbed at E ∼ 10−5
eV, while the spectrum is dominated by the synchrotron emission of primary and secondary electrons
up to E ∼ 10 MeV. The γ-ray emission from pi0 decays extends from ∼ 100 MeV up to E ∼ 0.1 PeV
for protons accelerated to ∼ 1 PeV. The average MW spectrum predicted by the model for a time in-
terval of 10 yr is overplotted with a blue line. Here, the radio emission does not include free-free ab-
sorption. The Fermi -LAT point-source sensitivity for a 10-yr exposure is depicted with red symbols
(http://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm). Right panel: Monochro-
matic light curves at 103 GHz, 1 GeV, 10 GeV and 100 GeV. The radio light curve is calculated after taking
into account the free-free absorption by thermal electrons of the unshocked CSM with Te = 10
5 K. For
display reasons, the GeV light curves are shifted upwards by a factor of 7 in logarithm. The early-time
flattening of the γ-ray light curves is due to the γγ absorption on the non-thermal synchrotron photons.
The 103 GHz emission peaks only after ∼10 d due to the early-time free-free absorption. At later times the
luminosity decays as a power-law, i.e., Lν ∝ t−0.7 at 103 GHz and Lν ∝ t−1 at > 1 GeV.
4 γ-rays from SNe with dense CSM
5 Conclusions and outlook
We presented the temporal evolution of the non-thermal MW emission from interaction-powered
SNe (e.g. Type IIn) while focusing on the γ-ray emission produced by pp collisions between the
shock-accelerated protons and the non-relativistic protons of the CSM. We have shown that for
sufficiently dense CSM (ncsm > 10
11 cm−3) or for a nearby SN Type IIn (dL < 10Mpc), the γ-
ray (> 100MeV) emission would be detectable by Fermi -LAT. The non-detection of γ-rays from
extragalactic interaction-powered SNe by the Fermi -LAT so far, can be thus used to constrain the
CR acceleration efficiency. We have explicitly shown that the γ-ray emission (∼ 100 GeV) would
be attenuated at early times (i.e. < 10 d) due to internal γγ absorption. The optical SN emission,
which typically peaks several (& 10 d) days after the shock break out, may also attenuate the
∼100 GeV emission. We plan to include this in our numerical code by modelling the SN optical
radiation as an external photon field of variable photon number density. Another significant process
for producing γ-rays in such dense environments is the bremsstrahlung radiation of relativistic
electrons. Although the results presented here do not include relativistic bremsstrahlung radiation,
we plan to implement it in the code both as an energy loss process for electrons and a photon
production process. We have also verified that the effect of pγ interactions upon the synchrotron
photons is negligible. Yet, pγ interactions with the X-ray bremsstrahlung photons produced by the
hot shocked plasma may be important for creating additional secondaries, especially at early times
when the X-ray luminosity is high and the source is compact.
Acknowledgments
M.P. acknowledges support for this work by NASA through Einstein Postdoctoral Fellowship grant number
PF3 140113 awarded by the Chandra X-ray Center, which is operated by the Smithsonian Astrophysical
Observatory for NASA under contract NAS8-03060.
References
Aartsen, M. G., et al. 2015a, Astrophysical Journal, 811, 52
Aartsen, M. G., et al. 2015b, Astrophysical Journal, 807, 46
Axford, W. I., Leer, E., & Skadron, G. 1977, International Cosmic Ray Conference, 11, 132
Bell, A. R. 1978, Monthly Notices of the Royal Astronomical Society, 182, 147
Blasi, P. 2013, Astronomy & Astrophysics Review, 21, 70
Chevalier, R. A. 1982, Astrophysical Journal, 258, 790
Katz, B., Sapir, N., & Waxman, E. 2011, ArXiv e-prints:1106.1898
Kelner, S. R., Aharonian, F. A., & Bugayov, V. V. 2006, Physical Review D, 74, 034018
Mastichiadis, A., & Kirk, J. G. 1995, Astronomy & Astrophysics, 295, 613
Murase, K., Thompson, T. A., Lacki, B. C., & Beacom, J. F. 2011, Physical Review D, 84, 043003
Petropoulou, M., Kamble, A., & Sironi, L. 2016, Monthly Notices of the Royal Astronomical Society, 460,
44
Petropoulou, M., & Mastichiadis, A. 2009, Astronomy & Astrophysics, 507, 599
Weaver, T. A. 1976, Astrophysical Journal Suppl. Ser., 32, 233
